We consider radiative corrections to the masses of the Higgs bosons in a minimal supersymmetric model that contains an additional non-anomalous U (1) ′ gauge symmetry. With some fine tuning of the U (1) ′ charges of the Higgs fields, it is possible to suppress the Z-Z ′ mixing. We use this fact, along with the lower bound on the lightest Higgs mass after LEPII era, as a criterion to restrict the set of parameters in our analysis. We calculate the mass of the lightest Higgs and its mixing with the other Higgs bosons, in a large region of the parameter space.
I. INTRODUCTION

Supersymmetry (SUSY) is one of the most viable extensions of the Standard Model (SM)
for curing the quantum instability of the Higgs sector. SUSY, however, has a new hierarchy problem concerning the natural scale of the Higgsino Dirac mass -the µ problem. Many supersymmetric extensions of SM have been proposed to cure the µ problem. Among all possible extensions, the one which invokes an extra U(1) symmetry, which forbids a bare µ term [1] , is particularly promising since problems with the generation of tadpoles and axion are automatically avoided. This is not the case in next-to-minimal SUSY [2] which also solves the µ problem at the expense of inducing large-tension domain walls which can over close the universe. Another appealing aspect of extra U(1) models is that such symmetries naturally arise in effective theories coming from strings [3] .
In general, the presence of Z ′ boson in the low-energy spectrum generates additional neutral current transitions which can have important implications for precision tests [4] or flavor violation [5] . It has been shown that the existing data allow for a light Z ′ boson with family-dependent couplings [6] . In a general Z ′ model, the hierarchy of the soft masses in the Higgs sector leads to different vacua in which the Z ′ boson can be heavy or light, although the Z-Z ′ mixing is sufficiently small in all cases. The analysis of Erler and Langacker [6] shows that the Z ′ boson can be as light as 200 GeV with a Z-Z ′ mixing O(10 −3 ). Although a low-scale extra U(1) symmetry stabilizes the µ parameter to T eV scale, the tree level Higgs potential is far from representing the physical observables with sufficient precision. In fact, experience from the minimal model shows that there are large corrections to the Higgs masses, once the radiative effects are taken into account [7] . This is also the case with the Z ′ models, as the partial analysis of the Higgs sector shows [8] . Therefore, for a proper analysis of the collider data concerning the Higgs production, it is necessary to compute the Higgs masses and couplings at least at the one loop level. In fact, this is necessary even for making comparisons or putting constraints on the parameter space using the LEP results [9] .
In this paper, we will work out the Higgs boson masses and mixing angles in the Z ′ models based on the general extra U(1) model of [10] . We will assume that the parameters of the model have already been fixed to the TeV scale via the RGE running from the string scale with appropriate initial conditions. The low energy mass spectrum and appropriate vacua which naturally suppress the Z − Z ′ have already been derived in [10] for tree level Higgs potential. We will further assume that there is no violation of the CP invariance in the Higgs sector, which is a simplifying assumption rather than a result following from high-scale model building.
In the next section we review the properties of the tree level potential of [10] . In Sec. 3, we compute the effective potential and derive the Higgs mass spectrum. In Sec. 4, we present some numerical estimates of the masses and mixing for likely values of the parameter values. In Sec.5, we conclude the work and discuss its implications for Higgs phenomenology.
where λ i are the gaugino fields, and Φ i is the scalar component of the Higgs chiral superfield H i . The tree level Higgs potential follows from L SB , F and D terms,
where the neutral components will be further separated into scalar and pseudoscalar bosons below.
We assume that the coupling constants in the above potential are real. At the tree level, the potential cannot violate CP symmetry either explicitly or spontaneously. A possible phase could come from Ah s ; however, such a phase could be absorbed into the global phases of the Higgs fields. At the one-loop level, CP violation can be explicitly broken due to complex phases in the scalar quark sector. However, we set all the CP-violating phases equal to zero and consider only the CP-conserving scenario.
The vacuum state of the theory is defined by the Higgs vacuum expectation values (VEV) : φ
where v i and x are real. For this to be the physical minimum, the potential must be negative when evaluated at the point (v 1 , v 2 , x), and the masses of the Higgs bosons must be positive. Even when these conditions are satisfied, the above point is not guaranteed to be the absolute minimum. Whether it is still acceptable depends on the location and depth of the other minima and the width between them. At the minimum point, the potential has vanishing first derivatives with respect to the three CP even scalars, i.e. all tadpoles vanish. This enables one to express the soft mass-squared parameters in terms of the VEVs:
where we introduced the short-hand notations m
Since the theory is extended by an Abelian symmetry, the W boson mass remains unchanged; therefore,
After electroweak symmetry breaking, the spectrum of the physical Higgs bosons consists of three neutral CP-even scalars, one CP-odd scalar, and a pair of charged Higgs bosons.
The model consists of one extra scalar boson compared to the MSSM. The tree-level masses of these particles are obtained by diagonalizing their corresponding field dependent masssquared matrices. To this end, we need to substitute φ
Here φ i and ϕ i stand for CP-even and CP-odd directions, respectively. Using the basic definition
we form the Higgs mass-squared matrix. More generally, we can express the total Higgs mass-squared matrix as
where M 0 S and M 0 P are the 3×3 scalar and pseudoscalar mass-squared matrices, respectively, and M 0 SP is the mixing between them. However, in our case M 0 SP = 0, both at the tree level and at the one-loop level because of the absence of CP violation. Evaluation of Eq. (5) at the tree level is straight forward and yields
and for the pseudoscalar mass-squared matrix, we get
where m 2 3 is the same as before. The eigenvalues of the scalar mass-squared matrix correspond to the masses of the Higgs bosons. Although these eigenvalues can be obtained in full analytic fashion, they are often too complicated to be useful. However, from the structure of the above matrix, one can obtain useful information about the smallest eigenvalue, which corresponds to the lightest Higgs mass. Namely, for any symmetric hermitian n × n matrix, its smallest eigenvalue is less than the smaller eigenvalue of it left upper 2 × 2 sub-matrix. A weaker bound on the smallest eigenvalue is simply given by the value of any diagonal entry of the matrix. We use this condition to obtain a useful tree-level bound on the lightest Higgs mass. In the basis [12] 
the lightest Higgs mass squared obeys the following relation:
The first two terms are familiar from NMSSM [2] , while the third term is unique to the model under consideration. Notice that this term allows the lightest Higgs mass to be larger than that predicted by either MSSM or NMSSM. After appropriate rotations, the pseudoscalar mass-squared matrix gives one non-zero eigenvalue corresponding to the physical pseudoscalar mass. The other two eigenvalues which are zero, are the Goldstone degrees of freedom. These will become the longitudinal components of Z and Z ′ , after electroweak symmetry breaking. The Z − Z ′ mass-squared matrix is given by
where
, and
. The eigenvalues of the above matrix, together with the Z − Z ′ mixing angle, are given by
The mixing angle α Z−Z ′ has to be smaller than a few times 10 −3 . For completeness, we also give the pseudoscalar mass-squared and the charged Higgs mass squared formulas:
From the above, it is clear that the pseudoscalar mass is never negative, while the charged Higgs mass can be lower than the W boson mass and can even run to negative values for some choices of the parameters.
III. ONE-LOOP EFFECTIVE POTENTIAL
The one-loop effective potential is given by the Coleman-Weinberg formula [13] 
where m 2 j is the field dependent mass squared of particle j, and Q is the renormalization scale in the MS scheme. The main contributions come from the top quark and top scalar quarks. However, the contribution of the bottom scalar quarks can be also sizable when tan β ∼ 40 or larger. We will not consider this case in our analysis. The stop mass-squared is given by
where we have ignored the D-term contributions and assumed all couplings to be real. The eigenvalues of the above matrix are the masses of the left-handed and right-handed stops, given by
where we have substituted the Higgs fields by their VEVs. In order to compute the one-loop effective potential, we have to express Eq. (15) in terms of the Higgs fields and substitute the resulting expressions into Eq. (13) . The addition of V 1 to the tree-level potential shifts the position of the minimum of the tree-level potential. However, the total potential must still have vanishing first derivatives at the minimum point with respect to the scalar fields. By taking this into account, we can trade the quadratic mass parameters m 2 i of the Higgs fields for their VEVs. Then the one-loop Higgs mass-squared matrix is given by
where the second term is due to the fact that the position of the minimum has shifted because of the one-loop effects. By substituting Eq. (13) into Eq. (16), we get
Before substituting the explicit field dependent expressions for squark masses into the above formula, it is simpler to consider the following: the eigenvalues of the stop mass-squared matrix come in conjugate pairs. They are of the formm
If we use these two expressions in Eq. (17) instead of the explicit formulas for the masses, we can reduce the Higgs mass-squared matrix to a much simpler form. Namely, we can write
and the various derivatives, which are closely related to the tadpole and self-energy expression for the squarks, are given in A.1. The functions F and G are the usual loop amplitudes which also appear in the MSSM effective potential. These are given by
where one particularly notices that F depends explicitly on the renormalization scale. The main advantage of writing (M 1 S ) ij as in (19) is that now we have everything expressed in terms of two universal functions, F and G. Furthermore, we can express the pseudoscalar mass-squared matrix in terms F and other constants. Once we diagonalize this matrix, we can express the function F in terms of M 2 P , where M P is the pseudoscalar mass at the one-loop level. This allows us to write the Higgs mass-squared matrix in terms of M P , (v, x, tan β), soft masses and other coupling constants. The essential point is that the entire scale dependence gets buried in the pseudoscalar mass which can be taken as one of the fundamental parameters as in the MSSM. That M P absorbs the entire scale dependence is an approximate statement because inclusion of the D terms or sbottom effects generate explicit scale dependence not re-definable in terms of M P .
The one-loop pseudoscalar mass-squared matrix is given by
where the ξ P ij are shown in A.2. From the appendix, it is clear that (M 1 P ) ij is proportional to (M 0 P ) ij . The total pseudoscalar mass-squared matrix, (M T P ) ij , will be the sum of these two pieces. If we apply a standard MSSM rotation to (M T P ) ij , the resulting matrix will be block diagonal with a 2 × 2 sub-block. By diagonalizing this matrix, we obtain the pseudoscalar mass squared, given by
where F is the same as before, and (M 0 P ) 2 is the tree-level pseudoscalar mass squared, given by Eq. (12) . We are now ready to write the total scalar mass-squared matrix, (17)- (23), we arrive at
and we have defined
We can check the validity of our expressions for M 2 P and M ij by comparing them to the well-known MSSM results. Our model reduces to MSSM if we fix µ s = h s x/ √ 2 ≡ µ, identify Ah s x → B, and finally set h s = Q i = 0. In this limiting case, we identically recover the usual MSSM results computed in [7] . At the one-loop level, the Higgs masses can be obtained by diagonalizing the mass-squared matrix given by Eq. (24). Again, we can obtain a useful upper bound for the lightest Higgs mass at the one-loop level, using the same method that the mass itself does not grow by an appreciable amount once tan β is larger than about 10. For smaller values of tan β, the one-loop correction can be as large as 30 GeV .
In Fig. 4 , we plot the three Higgs mixing angles against tan β. 
V. CONCLUSIONS
In this work, we studied the one-loop effects on the lightest Higgs mass in the minimal supersymmetric model augmented by an Abelian U(1) gauge. We calculated the top and stop one-loop effects in the framework of the effective potential approach. For the values of tan β that we considered, the bottom and sbottom effects are quite negligible. The most important issue concerning the minimal models extended by a U(1) factor, is the mixing of the Standard Model Z boson with the Z ′ boson associated with the extra gauge symmetry. In order for such models to be phenomenologically viable, the Z − Z ′ mixing angle has to be very small, less than about 10 −3 . We used the smallness of the Z − Z ′ mixing angle, together with the lower bound set on the lightest Higgs mass by LEP II data, to constrain our parameter space. We showed numerically that the one-loop effects due to the top and stop quarks are non-negligible.
The radiative corrections to the Higgs boson masses and mixing are crucial for interpreting and predicting the Higgs production and decay rates in upcoming colliders. In linear colliders, for example NLC, the main production mechanisms are the Bjorken process and pair-production process, each of which requires a precise knowledge of Higgs boson masses and their couplings to the gauge bosons. (For the analysis of these processes at tree level, see e.g [14] ). The model at hand predicts a larger upper bound on the Higgs boson masses than the MSSM. Therefore, even if the MSSM bounds are violated in near-future colliders, the model at hand, which generates the µ parameter dynamically, will accommodate larger Higgs masses.
APPENDIX A: DERIVATIVES OF FIELD-DEPENDENT SQUARK MASSES
We show the pseudoscalar mass-squared matrix, Eq. (22), along with the coefficients ξ ij , ζ ij , ρ ij , and λ ij that enter the neutral Higgs mass-squared matrix, Eq. (19), at the one-loop level. For convenience, we write down these expressions again.
(M 1 S ) ij = t . The rest of the ρ ij and λ ij are zero. It should be noted that each entry is directly proportional to the corresponding entries, Eq. (8), at the tree level. In other words, the one-loop pseudoscalar mass-squared matrix is a multiple of the tree-level mass-squared matrix. Above, we used the functions R t and R 
